The co-existence and interaction between brittle and viscous deformation processes contributes to the integrated strength of the crust and results in a wide range of energy-release mechanisms ranging from earthquakes to creep. Here, we compare flow laws derived for quartz-rich rocks deforming by brittle creep, wet dislocation power-law creep and dissolution-precipitation creep. We investigate theoretically the conditions when both brittle and viscous processes contribute significantly to deformation provided that all processes act independently and in parallel. Utilizing a comprehensive data set for deformation experiments in quartz-rich rocks, we find that the transition between deformation mechanisms is strongly dependent on input variables such as initial flaw size and grain size. The transition can occur abruptly or over hundreds of MPa in differential stress and hundreds of degrees Kelvin at a constant strain rate. The transition is strongly dependent on grain-size and confining pressure. Limitations to this work are first that all three flow laws are poorly constrained by experimental data for conditions relevant for the comparison. Secondly, a need exists for new experiments to infill the knowledge gaps between high-temperature and low-temperature deformation experiments and deriving quantitative flow laws for low-temperature plasticity and high-temperature brittle creep.
Introduction

29
Constraining the rheological behavior of the crust is of fundamental importance for 30 understanding of large-scale tectonics as well as small-scale processes related to earthquake 31 generation. This task, however, is exceedingly difficult because the crust is comprised of many 32 lithologies and deformation occurs over a broad range of pressures, temperatures, and strain 33 rates. Therefore, a variety of deformation mechanisms contribute to the integrated strength of 34 the crust. To add to the complexity of the situation, the strength of rocks is greatly influenced 35 by the presence of fluids and evolves with deformation, as for example, different deformation 36 mechanisms will dominate in intact rocks as compared to fault rocks in mature fault zones. 37 Consequently a strain-dependent evolution of the strength of the crust is to be expected (e.g. 38 Evans, 2005). 39 In this paper, we limit ourselves to exploring the deformation behavior of low-porosity, 40 quartz-rich rocks at low strains so that the porosity can be expected to remain approximately 41 constant during deformation and no significant strain localization occurs. We will use the terms 42 brittle when deformation is mediated by fractures and viscous when deformation is mediated 43 by dislocations and/or diffusive mass transfer as elaborated in more detail below. 67 Semi-brittle flow occurs when viscous and brittle deformation mechanisms contribute coevally 68 and significantly to strain accommodation during deformation. Hence micro-mechanically, 69 semi-brittle deformation would be expected to exhibit a pressure dependence due to 70 dilatation, as well as a temperature and strain-rate dependence due to the temperature-71 activated motion of defects and atoms. Brittle and viscous processes act either sequentially or 72 simultaneously. For example of serial semi-brittle deformation is when fracturing produces 73 fine-grain sizes that then deform by fluid-assisted diffusion creep (brittle -> viscous) (Fusseis 74 and Handy, 2008; Gratier et al., 1999; Menegon et al., 2013b; Trepmann and Stöckhert, 2003) . 75 An example of parallel semi-brittle deformation is when one phase deforms by fracturing while 76 another phase deforms by viscous flow in a polyphase rock (Handy, 1990 , Jammes et al., 2015 . The study of brittle and viscous properties of rocks have led to a variety of 82 phenomenological flow laws, which describe the deformation of rocks for specific stress, 83 pressure, temperature, grain size, porosity, etc. conditions. The flow laws describing diffusion 84 creep were first developed by Nabarro (1948) , Herring (1950) and Coble (1963) . The flow laws 85 describing dislocation creep were developed by several researchers during the 1950's (Mott, 86 1951; Weertman, 1955 ) and are well-tested and established equations to calculate the steady- 104 We surveyed the literature and collected rock-deformation experimental data about 105 wet quartzites and low-porosity (<10%) quartz sandstones published over approximately the 106 last thirty years in gas-medium, fluid-medium, and solid-medium deformation apparatuses 107 using weak salts (Appendix table A2 or an electronic copy is at zenedo.org). Our main focus is 108 on deformation experiments that were conducted at elevated temperatures on low-porosity 
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where ߝሶ is equivalent strain rate and ߛሶ is shear strain rate. Shear stresses were converted to 116 differential stresses as
118 where τ is shear stress and ߪ ௗ is the differential stress as all forcing blocks were pre-cut at 119 45˚ to the principal stress, σ 1 . The experimental data shows a bimodal distribution in terms of confining pressure with a peak 130 at 300 MPa and a second peak around 1500 MPa (Figure 2b ). These pressures are typical of 131 high stress resolution gas-medium deformation apparatus studies and lower stress resolution The three flow laws that we use were all developed for wet conditions and a quartz mineralogy 155 ( (Table 1) 235
where A is a pre-exponential factor, f H20 is water fugacity, m is water fugacity exponent, n is the 237 stress exponent, and Q is the activation energy. R and T are the universal gas constant and 238 temperature in Kelvin, respectively.
239
To validate our calculated strain rate map we used the published experimental data by Gleason 240 and Tullis (1995) and plotted 18 measured data points onto the strain rate map. The measured 241 data points deformed at strain rates between 10 -5.8 s -1 and 10 -4.1 s -1 ( Figure 6 ). (Table 1) . We note that when dealing with semi-brittle deformation, confining pressure is More than one deformation mechanism contributes to strain-rate for only limited σ-T conditions New experimental data are needed to better understand the interplay of low-T brittle creep and high-T viscous creep
